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ABSTRACT
This paper specifies the configuration of a harvester for
absorbing energy from ambient oscillation with broadband fre-
quencies. Two major methodologies for broadband harvesting
have been developed, one is the use of a nonlinear oscillator,
and the other is the use of multiple resonators. We focus on
the traditional way of assembling multiple resonators but sug-
gest some nontrivial improvements in the configuration. In order
to make a variety of resonant frequencies, resonators can be con-
nected in series, in the form of a tree-like structure. The energy
absorption of the tree configuration harvester under broadband
frequency excitation is tested, and additionally the placement of
multiple resonators is also considered. The numerical results in-
dicate that our proposal of the tree configuration might be useful
under broadband frequency excitation.
INTRODUCTION
While ambient mechanical energy is abundant around us,
one of the main challenges in utilizing this energy is its broad-
band nature. Examples of highly broadband, low-frequency sig-
nals include the animal gait, waves and gusty wind conditions.
Many devices for harvesting this type of energy have been pro-
posed [1–11]. Out of the large existing literature the most rele-
vant works to this presentation are based on the nonlinear oscil-
lator, where the nonlinearity can overcome the bandwidth limit
at resonance [3–6]. Some devices are proposed which tune the
resonant frequency to the main ambient frequency [7, 8]. On the
other hand, a resonator array has been a practical application [9],
as this mechanism has been applied for sound absorbing mate-
rials over the decades [12]. Recently, nonlinear oscillator arrays
have also been proposed [10, 11]. However, to our knowledge,
most devices of multi-resonator type are represented by linear or
plane parallel configuration. Here, we present a resonator assem-
bly in the form of a tree configuration to present an alternative to
previously suggested resonator assemblies for energy harvesting.
First we will show that such a tree configuration is highly effec-
tive at harvesting broadband energy. Next we will investigate the
placement of resonators for increasing energy absorption in the
form of the tree configuration.
1 EFFECTS OF RESONATOR ASSEMBLY CONFIGU-
RATION ON ENERGY ABSORPTION
Figure 1 shows a parallel assembly of multiple resonators
and Fig. 2 shows a tree assembly consisting of multiple tiers or
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FIGURE 1. RESONATORS IN PARALLEL ASSEMBLY.
FIGURE 2. RESONATORS IN TREE ASSEMBLY.
branch points. Both cases consist of seven oscillators whose res-
onant angular frequencies are ω i (i = 1,2, · · ·7). Each assembly
platform is forced by a deterministic, multi-frequency excitation.
The dynamics of the parallel assembly are represented simply by
the dynamics of an excited array of damped oscillators. It is also
possible to incorporate inter-site coupling and nonlinearity lead-
ing to the well-known nonlinear dynamics of Intrinsic Localized
Modes. If xi is the extension of each resonator from equilibrium,
then the absorbed energy is Epara = ∑7i=1
∫
γ ẋ2i dt, where γ is the
damping factor, a dot over variables represents a time derivative.
Conversely the dynamics of the tree assembly are described by
aF + ÿ1 = −ω 12y1 +ω 22y2 +ω 32y3 − γ ẏ1,
aF + ÿ1 + ÿ2 = −ω 22y2 +ω 42y4 +ω 52y5 − γ ẏ2,
aF + ÿ1 + ÿ3 = −ω 32y3 +ω 62y6 +ω 72y7 − γ ẏ3,
aF + ÿ1 + ÿ2 + ÿ4 = −ω 42y4 − γ ẏ4,
aF + ÿ1 + ÿ2 + ÿ5 = −ω 52y5 − γ ẏ5,
aF + ÿ1 + ÿ3 + ÿ6 = −ω 62y6 − γ ẏ6,
aF + ÿ1 + ÿ3 + ÿ7 = −ω 72y7 − γ ẏ7. (1)
Here, yi (i = 1,2, · · ·7) is the extension of each resonator from
equilibrium, γ is a damping factor, and aF is excitation accel-
eration. The absorbed energy is Etree = ∑7i=1
∫
γ ẏ2i dt. The pa-
rameter for calculations at each assembly are shown in Table 1.
Note that the base acceleration aF acting on the tree assem-
bly is applied to the platform as shown in Fig. 2, and thus the
oscillation propagates to the branches. Both assemblies are
TABLE 1. ANGULAR FREQUENCIES AND DAMPING FACTOR.
Parameter Value Parameter Value
ω 1 2π ω 4,ω 5,ω 6,ω 7 6π
ω 2,ω 3 4π γ 0.2
forced by various base acceleration with frequencies shown in
Table 2. When the number of frequency components is three,
aF = sin(2πt) + sin(4πt) + sin(6πt) as shown in Table 2. We
have also tried a noisy base acceleration meaning one computed
as the low pass filter (3Hz) from white noise. Fig. 3 shows the ra-
tio of Etree to Epara at each base acceleration. The energy absorp-
tion ratio for the noisy case is averaged over 20 trial runs. It is
clear that the tree configuration is 1-2 orders of magnitude more
effective in harvesting energy from a sufficiently broadband sig-
nal than the parallel configuration. Fig. 4 shows temporary time
changes of resonator extensions in the parallel and tree config-
urations, under a noisy excitation. In the parallel configuration,
each resonator oscillates at its own resonant frequency. On the
other hand, in the tree configuration, resonators oscillate at the
same frequency around 0.36 Hz.
This frequency corresponds to the resonant frequency of
whole coupled oscillators assembly. The Eq. (1) without exci-
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The seven root squares of the eigenvalues of the assembly are
0.36, 1.10, 3.00, 3.00, 3.00, 5.46, and 5.56, which are the new
natural frequencies of the assembly. We can notice the smallest
natural frequency is similar with the above oscillation frequency.
A reason that the tree configuration is more effective than the
parallel configuration is that it has a lower stiffness.
2 EFFECT OF RESONATORS PLACEMENT ON EN-
ERGY ABSORPTION
The advantage of the tree configuration for energy absorp-
tion is confirmed under noisy excitation. Then, in order to in-
crease energy absorption, it needs to be ascertained whether an
optimal placement exists. The placement means to put differ-
net resonators into defferent positions in the tree formation. In
this section, the placement is considered with the use of the
tree configuration which is three level with seven resonators as
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TABLE 2. TYPES OF EXCITATIONS.
Number of
frequencies Base acceleration aF Frequency f
1 sin(2π f t) f = 1 or 2 or 3
2 ∑2j=1 sin(2π f jt) f1, f2 = 1,2 or 1,3 or 2,3
3 ∑3j=1 sin(2π f jt) f j = j
7 ∑7j=1 sin(2π f jt) f j = j/2
14 ∑14j=1 sin(2π f jt) f j = j/4
17 ∑17j=1 sin(2π f jt) f j = j/5
35 ∑35j=1 sin(2π f jt) f j = j/10
70 ∑70j=1 sin(2π f jt) f j = j/20







































FIGURE 3. RATIO OF Etree TO Epara AT EACH EXCITATION RE-
ALIZATION.
shown in Fig. 2. We will use one resonator, the angular fre-
quency of which is 2π , two resonators with 4π , and another
four with 6π as with section 1. There are 24 kinds place-
ments with the use of these seven resonators in the form of
the tree configuration. Then energy absorption at all 24 place-
ments will be compared under a noisy excitation. The 24 place-
ments are listed in Table 3 in the energy absorption ratio order,
where the energy absorption of placement 1-22-3333 is set to















gives the resonant frequencies
of the seven resonators. For example placement 1-33-3322 corre-






















= 2. Some placements denoted with an * ex-
hibit symmetry in the basement level (ω 1) and the first level
(ω 2, ω 3). The noisy excitation is computed as the low pass fil-
ter (3Hz) from white noise, and the absorbed energy is averaged
































FIGURE 4. TEMPORARY TIME CHANGES OF THE RES-
ONATOR EXTENSIONS IN THE PARALLEL CONFIGURATION
























FIGURE 5. RNAK ORDER COMPARISON FOR ENERGY AB-
SORPTION RATIOS OF ALL PLACEMENTS AND BREAKDOWNS
OF THE RATIOS.
Table 3 shows, the criteria of symmetry or asymmetry does not
show a significant influence on the energy absorption.
Figure 5 is an order comparison of energy absorption ratios
at each placement. The bars are presented in order of the en-
ergy absorption ratios. There is no outstanding difference in the






positioned in the basement level or 1st level. However lower
absorption is realized, when resonator “1” is positioned in the
2nd level. This result indicates that the lower spring stiffness
resonator should be placed close to an excitation. At all place-
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TABLE 3. RNAK ORDER COMPARISON FOR ENERGY AB-
SORPTION RATIOS WITH REFERENCE TO THE PLACEMENT
















] = [X −XX −XXXX ], WHERE X = 1,2,3.
Ratio placement Ratio placement
1.033 1-33-3223* 0.939 3-13-3223
1.022 1-33-3322* 0.883 3-23-1233
1.022 2-13-3332 0.865 3-23-3123
1.019 3-12-3332 0.856 3-33-3221*
1.011 1-23-3332 0.849 3-33-3122*
1.008 2-13-2333 0.798 3-22-3331*
1.001 3-12-2333 0.784 3-23-3312
1.000 1-22-3333* 0.778 3-23-3213
0.999 1-23-3233 0.714 2-33-3312*
0.989 2-12-3333 0.711 2-33-3123*
0.964 3-13-3322 0.687 2-23-3331
0.955 3-13-2233 0.671 2-23-3133
ments, the most energy is absorbed at the level which includes
resonator “1”, except the lowest four placements from the bot-
tom. In these four exceptional cases, resonator “2” is positioned
in the basement level which absorbs the most energy. As a result,
it is difficult for resonator “1” to oscillate with a large amplitude.
3 CONCLUSION
We propose a tree-like structure suitable for harvesting
broadband ambient energy from mechanical oscillations. The
numerical analysis indicates that the tree configuration is more
effective for harvesting broadband energy compared to a comple-
mentary parallel configuration. The position of a resonator with
lower spring stiffness should be closer to an excitation in order
to increase energy absorption. Because the energy absorption de-
pendence on the configuration type is larger than the dependence
on the placement, it would be interesting to increase the number
of resonators beyond the seven resonators presently considered.
For a practical analysis, note that there is plenty of room for
improvement for the tree configuration illustrated schematically
in Fig. 2. A coupling strength should be considered between par-
allel coupled resonators. Nonlinearity also should be considered
for the hardening spring, in case of large excitation where a cubic
restoring term cannot be ignored.
Finally this proposal of the tree-like resonators can be pur-
sued not only for energy conversion to electrical energy. This
might also improve sound absorbing materials which consist of
many holes as Helmholtz resonators. Another application might
be filter circuits which reduce noise of broadband frequency.
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